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1
SINUOUS CHEVRON EXHAUST NOZZLLE

BACKGROUND OF THE INVENTION

The present mvention relates generally to gas turbine
engines, and, more specifically, to reduction of exhaust
noise.

A typical gas turbine engine includes a compressor for
pressurizing air which 1s mixed with fuel and 1gnited 1n a
combustor for generating hot combustion gases which tlow
through one or more stages of turbines that power the
compressor 1n a core engine configuration. Typically coop-
erating with the core engine 1s a low pressure compressor,
such as a fan, disposed upstream of the high pressure
compressor of the core engine, which 1s powered by a low
pressure turbine disposed downstream from the high pres-
sure turbine of the core engine.

In a typical turbofan aircraft gas turbine engine applica-
tion for powering an aircrait in flight, a core exhaust nozzle
1s used for independently discharging the core exhaust gases
inside a concentric fan exhaust nozzle which discharges the
tan air therefrom for producing thrust. The separate exhausts
from the core nozzle and the fan nozzle are high velocity jets
typically having maximum velocity during take-off opera-
tion of the aircrait with the engine operated under relatively
high power. The high velocity jets interact with each other
as well as with the ambient air and produce substantial noise
along the take-ofl path of the aircratt.

U.S. Pat. No. 6,360,528, assigned to the present assignee,
discloses an improved exhaust nozzle including a row of
chevrons which promote mixing of exhaust flow for noise
attenuation. The chevrons are triangular and extend from an
alt end of an exhaust duct and define complementary diverg-
ing slots circumierentially or laterally therebetween. The
chevrons are mtegral extensions of the exhaust duct, and are
preferably coextensive with the outer and inner surfaces
thereof.

In a typical annular exhaust duct, the imnner surface thereof
1s circumierentially concave, and the inner surfaces of the
row of chevrons are correspondingly circumierentially con-
cave. However, by mtroducing an axially concave compo-
nent of curvature i1n the radially inner surfaces of the
chevrons, each chevron may therefore have a compound
shallow bowl therein for enhancing performance.

These shallow bowl triangular chevrons have been built,
tested, and are found 1n commercially available engines for
powering aircraft in flight. In a typical turbofan engine
application, the chevron exhaust nozzle replaces the other-
wise simple annular core exhaust nozzle and eflects sub-
stantial noise attenuation as the core exhaust gases mix with
the fan exhaust tlow channeled thereover during operation.

However, noise attenuation comes with a corresponding
price. In particular, the chevron exhaust nozzle introduces
additional pressure losses 1 the exhaust flows being mixed
thereby which decreases the overall efliciency or perior-
mance of the engine. In an aircrait engine application, more
tuel 1s required to power the aircrait than would be otherwise
required with a conventional circumierentially continuous
exhaust nozzle having a plain circular outlet.

Accordingly, 1t 1s desired to provide a chevron exhaust
nozzle having improved performance for reducing fuel
consumption during operation.

BRIEF DESCRIPTION OF THE INVENTION

A gas turbine engine exhaust nozzle includes a row of
laterally sinuous chevrons extending from an aft end of an
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exhaust duct. The chevrons have radially outer and inner
surfaces bound by a laterally sinuous trailing edge extending
between a base of the chevrons adjoining the duct and an
axially opposite apex of the chevrons. Each chevron has a
compound arcuate contour both axially and laterally, and the
sinuous trailing edge of the chevrons further compounds the
arcuate configuration of each chevron.

BRIEF DESCRIPTION OF THE DRAWINGS

The 1nvention, 1 accordance with preferred and exem-
plary embodiments, together with further objects and advan-
tages thereot, 1s more particularly described 1n the following
detailed description taken 1n conjunction with the accom-
panying drawings in which:

FIG. 1 1s an axial side view, partly in section, of an
exemplary aircraft turbofan gas turbine engine including fan
and core exhaust nozzles having compound contour chev-
rons therein.

FIG. 2 1s an aft-facing-forward view of the chevron core
exhaust nozzle taken along line 2-2 1n FIG. 1, and shown 1n
1solation.

FIG. 3 1s an axial, side elevational view of the core
exhaust nozzle 1llustrated in FIG. 1, and shown 1n 1solation.

FIG. 4 1s an 1sometric view of a portion of the core
exhaust nozzle illustrated in FIG. 3.

FIG. 5 1s an axial sectional view through one of the
chevrons 1n the exhaust nozzle illustrated in FIG. 4, and
taken along line 3-5.

FIG. 6 1s a partly sectional, aft-facing-forward view
through one of the chevrons illustrated in FIG. 4, and taken
along line 6-6.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

FIG. 1 illustrates an aircraft turbofan gas turbine engine
10 suitably joined to a wing of an aircraft 12 illustrated 1n
part. The engine includes 1n serial flow communication a fan
14, low pressure compressor 16, high pressure compressor
18, combustor 20, high pressure turbine (HPT) 22, and low
pressure turbine (LPT) 24 operatively joined together in a
conventional configuration.

The engine also includes a core nacelle or cowl 26
surrounding the core engine and LPT, and a fan nacelle or
cowl 28 surrounding the fan and the forward part of the core
cowl and spaced radially outwardly therefrom to define a
bypass duct 30. A conventional centerbody or plug 32
extends ait from the LPT and is spaced radially inwardly
from the aft end of the core cowl.

During operation, ambient air 34 flows into the fan 14 as
well as around the fan cowl. The air 1s pressurized by the fan
and discharged through the fan duct as fan exhaust for
producing thrust. A portion of the air channeled past the fan
1s compressed 1n the core engine and suitably mixed with
fuel and 1gnited for generating hot combustion gases 36
which are discharged from the core engine as core exhaust.

More specifically, the core engine includes a core exhaust
nozzle 38 at the aft end thereof which surrounds the center
plug 32 for discharging the core exhaust gases. The core
nozzle 38 1s axisymmetric about the axial centerline axis of
the engine 1n the exemplary embodiment illustrated in FIG.
2.

As shown 1n more detail in FIG. 3, the core nozzle 38
includes an annular exhaust duct 40 having a plurality of
circumierentially or laterally adjoining chevrons 42
arranged 1n a row and extending aft from the aft end of the
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exhaust duct, and integral therewith. The chevrons are
circumierentially sinuous and define an outlet of the exhaust
duct through which the exhaust gases 36 are discharged for
mixing with the fan air exhaust 34 channeled downstream
over the core cowl 26 during operation.

One of the chevrons 42 is 1llustrated in more detail 1n FIG.
4 and forms an integral extension of the exhaust duct. Each
of the chevrons has a generally triangular configuration or
profile with radially outer and 1inner surfaces 44,46 bound or
confined by a laterally sinuous trailing edge 48. The fan
exhaust tlows over the chevron outer surfaces during opera-
tion, while the core exhaust flows along the chevron inner
surfaces during operation, with both flows meeting and
mixing along the sinuous trailing edge of the chevron row.

Instead of having straight triangular sides as found in the
original triangular chevrons disclosed 1n the above-identi-
fied patent, the sinuous chevrons 42 have side edges which
introduce curvature in the plane of the individual chevrons
themselves, as i1dentified by the local radius of curvature A
disposed perpendicular to the trailing edge. Each chevron
extends from a circumierentially wide base 50 which axially
adjoins the circular aft end of the exhaust duct 40, to an
axially opposite aft apex 52.

Like the original triangular chevrons 1dentified above, the
sinuous chevrons 42 have compound arcuate contours both
axially between the bases and apexes of the chevrons and
circumierentially or laterally across the width of the chev-
rons. In FIG. 4, the axial contour of each chevron 1s
represented by the radius of curvature B, and the lateral
curvature of each chevron 1s represented by the radius of
curvature C.

In this way, the compound contour of each chevron 42
may be further compounded by introducing additional cur-
vature along the chevron trailing edge 48 itself, instead of
having that trailing edge primarily straight in the manner of
the original triangular chevrons.

As 1llustrated in FIGS. 3 and 4, the chevron 42 are spaced
laterally apart around the circumierence of the nozzle to
define complementary, axially diverging sinuous slots 54
which are disposed 1n flow communication with the exhaust
duct 40 1itself. In this way, the core exhaust 36 discharged
from the core duct 40 can tlow radially outwardly through
the sinuous slots 54 for mixing with the fan exhaust 34
flowing outside the chevrons.

As 1llustrated 1n FIG. 5, the exhaust duct 40 has radially
outer and mner surfaces which are circumierentially circular
in the exemplary embodiment, and are defined by suitable
values of the radius of curvature C whose origin 1s the axial
centerline axis of the engine. The chevron outer and 1nner
surface 44,46 are preferably coextensive with the respective
outer and inner surfaces of the exhaust duct 40 from which
they extend 1n a downstream ait direction.

Furthermore, the inner surfaces 46 of the chevrons at their
bases 50 are laterally and radially coextensive with the duct
iner surface to provide a continuous and smooth aerody-
namic tlowpath therewith for minimizing pressure losses.
Similarly, the outer surfaces of the chevrons at their bases
are laterally and radially coextensive with the outer surface
of the exhaust duct for providing a continuous and smooth
surface over which the fan exhaust 1s discharged during
operation.

Furthermore, the row of chevron 42 and their intervening,
slots 54 are preferably generally laterally coextensive
around the circumierence thereof as illustrated in FIGS. 4
and 35 for minimizing the radially inward projection of the
chevrons into the exhaust or exhaust duct outlet during
operation. In this way, the chevrons have shallow contours
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with mimimal radial disruption for minimizing pressure
losses during operation, while correspondingly attenuating
exhaust noise. The chevrons and their cooperating slots are
specifically designed for enhancing the mixing of the high
velocity core exhaust 36 with the lower velocity fan exhaust
34 which correspondingly reduces the noise generated there-
from during operation.

The sinuous chevron trailing edges 48 illustrated 1n FIG.
4 are preferably arcuate or curved laterally around or along
both sides of the chevron apexes 52 for each chevron with
corresponding symmetry. The trailing edges of adjacent
chevrons join together 1n laterally arcuate fillets 56 extend-
ing circumierentially between adjacent chevrons. In this
way, the row of chevrons are laterally contiguous at their
bases with each other at the corresponding fillets 56 and with
the circular perimeter of the exhaust duct 40 at the junction
therewith.

As 1llustrated in FIG. 4, the chevron trailing edges 48 are
preferably sinuous from the fillets 56 ait in the downstream
direction toward the corresponding chevron apexes 52. And,
the trailling edges 48 are also sinuous from the chevron
apexes 52 forward in the upstream direction toward the
corresponding fillets 56. In this way, the apexes and fillets
themselves are suitably arcuate, and the trailing edge 48
continues the smooth arcuate profiles thereol along the
opposite edges of each chevron between the bases and the
apexes.

Since each chevron 42 1s generally triangular and con-
verges alt between the upstream base and the downstream
apeX, the sinuous apex 52 1s laterally convex, whereas the
sinuous fillet 1s laterally concave. The sinuous trailing edge
of each chevron therefore preferably includes an inflection
point 58, as illustrated in FIG. 4, disposed axially between
the apexes 52 and the fillets 56 corresponding with the
chevron bases 50 which permits the change 1n local curva-
ture A along the side edges of the individual chevrons.

In the preferred embodiment illustrated 1n FIG. 4, the
chevron trailing edges 48 are continuously sinuous from the
fillets 56 to the apexes 52 and follow a sinusoidal curve
around the circumierence of the nozzle. Correspondingly,
the intervening slots 34 are complementary sinusoidal from
chevron to chevron around the circumierential extent of the
nozzle.

The sinusoidal-form chevrons 42 illustrated in FIG. 4
were built and tested and compared with the original trian-
gular form of the chevrons disclosed 1n the above-identified
patent. Comparison of the two forms of chevrons in testing
indicates that a substantial reduction in aerodynamic per-
formance loss of the core nozzle may be obtained by using
the sinusoidal chevrons over triangular chevrons for a given
amount of noise attenuation. The introduction of the sinuous
trailing edge 1n the chevrons cooperates with the compound
contours thereol for mmproving the aerodynamic mixing
performance of the chevrons while attenuating noise.

In the preferred embodiment illustrated 1n FIGS. 4 and 5,
the chevron outer surface 44 1s convex both axially and
laterally, and the chevron inner surface 46 1s concave both
axially and laterally to define a shallow compound arcuate
bowl therein.

As shown 1n FIGS. 2 and 6, the exhaust duct 40 1s circular
and has a corresponding value of the radius C from the
engine centerline axis. And, the individual chevrons 42 are
preferably non-circular around the circumierence of the
nozzle, with each chevron having a local radius of curvature
D which varies along the circumierential extent of the
chevron. In this way, the compound contour of the indi-
vidual chevrons 42 as represented by the two radii of
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curvature B and D may be tailored or optimized for opti-
mizing performance of the chevron independently from the
circular contour of the exhaust duct 40 from which the
chevrons extend.

The non-circular circumierence (radius D) of the indi-
vidual chevrons 1s a conventional feature found in one
embodiment of the previous triangular chevron exhaust
nozzle on sale 1n the United States for more than a year, and
may be used to additional advantage 1n the improved sinu-
ous chevron disclosed herein.

As shown 1n FIGS. 4 and 5, the individual chevrons 42 are
laterally contiguous around the exhaust duct 40, and tan-
gentially blend therewith, with the compound contour bowls

terminating at the junction of the chevrons with the circular
exhaust duct.

The chevrons 42 illustrated 1n FIGS. 4 and 5 preferably
have a constant radial thickness E which matches the
thickness of the exhaust duct from which they extend. The
alt portion of the exhaust duct and the individual chevrons
extending therefrom may be formed from a common ring of
sheet metal having a common thin thickness thereof.

As shown i FIGS. 2 and 3, the upstream end of the
exhaust duct 40 may have a suitable radial flange and
mounting tabs for fixedly mounting the chevron nozzle into
the core cowl 26. The outer surface of the core cowl blends

smoothly with the outer surface of the chevron nozzle joined
thereto as best shown 1n FIG. 3.

As also illustrated 1n FIG. 3, the chevrons 42 preferably
have equal axial lengths F measured from their forward
bases to their aft apexes. And, the chevron apexes 32 are
preferably coplanar and aligned in a single axial plane along,
the centerline axis of the engine.

Each chevron illustrated 1n FIG. 3 has a circumierential
width G which represents the period of a sine wave 1n the
preferred embodiment. The width and period of the chevrons
may be selected i accordance with the desired whole
number thereof to be used around the circumierence of the
intended exhaust nozzle. In the embodiment 1llustrated 1n
FIG. 2, there are eight whole chevrons 42 spaced equidis-
tantly apart around the circumierence of the exhaust nozzle
in symmetry around the centerline axis of the engine.

In alternate embodiments, fewer or more chevrons may be
used around the circumference of the nozzle, and some
chevrons may be eliminated directly below the aircraft pylon
which may interrupt the circumierential continuity of the
external fan exhaust flow.

As shown in FIGS. 1-3, the sinuous chevrons 42 are
introduced 1n the core exhaust nozzle 38 which includes the
center plug 32 converging ait mside the exhaust duct 40.
This external center plug 32 terminates ait or downstream
from the chevron apexes 52 1in a manner similar to the
original triangular chevron configuration. Alternatively, a
conventional internal center plug may be used with the
sinuous chevrons.

Also like the previous triangular chevron nozzles, the
sinuous chevrons 42 may be introduced into a corresponding
fan exhaust nozzle 60 as 1illustrated 1n FIG. 1. The sinuous
chevrons 42 1n the fan nozzle embodiment may be substan-
tially identical to those used in the core nozzle embodiment,
except for different size and configuration specific to the
larger fan exhaust nozzle in which they are incorporated. In
either embodiment, the sinuous chevrons may now be addi-
tionally tailored or optimized for the introduction of
smoothly curved trailing edges between the bases and
apexes thereof, either completely or in most part as the
particular design merits.
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In yet another configuration, the fan nacelle may extend
alt past the core nozzle to a common exhaust outlet, with a
long fan bypass duct terminating upstream therefrom. The
sinuous chevrons may be incorporated 1n the core nozzle as
an internal mixer for mixing the core exhaust and the fan
bypass air.

The introduction of smoothly changing contour along the
trailing edges of the chevrons cooperates with the compound
shallow contours thereof for introducing an additional
design variable for decreasing chevron acrodynamic perfor-
mance loss while attenuating exhaust noise.

While there have been described herein what are consid-
ered to be preferred and exemplary embodiments of the
present invention, other modifications of the invention shall
be apparent to those skilled in the art from the teachings
herein, and 1t 1s, therefore, desired to be secured in the
appended claims all such modifications as fall within the
true spirit and scope of the mvention.

Accordingly, what 1s desired to be secured by Letters
Patent of the United States 1s the mvention as defined and
differentiated in the following claims 1n which we claim:

1. A gas turbine engine exhaust nozzle comprising a row
of laterally curved sinuous chevrons extending from an aft
end of an exhaust duct and spaced laterally apart to define
complementary axially diverging sinuous slots, and each of
said chevrons has a shallow compound contour bowl therein
and 1s continuously sinuous axially along said slots.

2. A nozzle according to claim 1 wherein said chevrons
are laterally contiguous around said duct, and tangentially
blend therewith, with said bowls terminating thereat.

3. A nozzle according to claim 2 wherein:

cach of said chevrons has radially outer and inner surfaces

bound by a laterally sinuous trailing edge extending aft
from a base of said chevron adjoining said duct to an
axially opposite apex of said chevron; and

said chevrons have a compound arcuate contour defiming

said bowls both axially between said bases and apexes,
and laterally across said chevrons.

4. A nozzle according to claim 3 wherein:

said duct includes a radially mner surface; and

said chevron 1nner surfaces at said bases are laterally and

radially coextensive with said duct mner surface.

5. A nozzle according to claim 4 wherein said chevrons
and slots are generally laterally coextensive for minimizing
radially inward projection of said chevrons.

6. A nozzle according to claim 5 wherein said sinuous
chevron trailing edges are arcuate around said chevron
apexes, and joined together 1n arcuate fillets between adja-
cent chevrons.

7. A nozzle according to claim 6 wheremn said chevron
trailing edges continue said arcuate profile thereof between
said arcuate {fillets and said arcuate apexes.

8. A nozzle according to claim 7 wherein said chevron
trailing edges are sinusoidal, and said slots are complemen-
tary sinusoidal.

9. A nozzle according to claim 8 wherein:
said chevron outer surface 1s convex;

said chevron 1nner surface 1s concave; and
said chevron apexes are coplanar.

10. A nozzle according to claim 9 wherein said chevrons
have a constant thickness, and said chevron surface 1is
coextensive with an outer surface of said duct.

11. A gas turbine engine exhaust nozzle comprising:

an exhaust duct including a plurality of laterally adjoining
chevrons extending from an aft end thereof;
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cach of said chevrons having radially outer and inner
surfaces bound by a laterally curved sinuous trailing
edge extending between a base of said chevron adjoin-
ing said duct and an axially opposite apex of said
chevron;

said chevron trailing edges are continuously sinuous from

said bases to said apexes; and

said chevrons having a compound arcuate contour both

axially and laterally.

12. A nozzle according to claim 11 wherein said chevrons
are spaced laterally apart to define complementary axially
diverging sinuous slots disposed in tflow communication
with said duct for channeling exhaust radially therethrough.

13. A nozzle according to claim 12 wherein:

said duct includes a radially inner surface for bounding

said exhaust; and

said chevron inner surfaces at said bases are laterally and

radially coextensive with said duct mner surface.

14. A nozzle according to claim 13 wherein said chevrons
and slots are generally laterally coextensive for minimizing
radial projection of said chevrons into said exhaust.

15. A nozzle according to claim 14 wherein said sinuous
chevron trailing edges are arcuate around said chevron
apexes, and joined together 1n arcuate fillets between adja-
cent chevrons.

16. A nozzle according to claim 15 wherein said chevron
trailing edges are sinuous from said fillets aft toward said
chevron apexes, and from said chevron apexes forward
toward said fillets, and continue said arcuate profile thereof
between said bases and apexes.
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17. A nozzle according to claim 16 wherein said chevron
trailing edges include an inflection point axially between
said apexes and fillets.

18. A nozzle according to claim 16 wherein said chevron
trailing edges follow a sinusoidal curve around a circum-
ference of said nozzle.

19. A nozzle according to claim 16 wherein said chevron
trailing edges are sinusoidal, and said slots are complemen-
tary sinusoidal.

20. A nozzle according to claim 16 wherein said chevron
outer surface 1s convex, said chevron inner surface 1s con-
cave and defines a compound bowl.

21. A nozzle according to claim 16 wherein said exhaust
duct 1s circular, and said chevrons are non-circular.

22. A nozzle according to claim 16 wherein said chevrons
have a constant thickness.

23. A nozzle according to claim 16 wherein said chevrons
have equal lengths from said bases to said apexes.

24. A nozzle according to claim 23 wherein said chevron
apexes are coplanar.

25. A nozzle according to claim 16 wherein said chevron
outer surface 1s coextensive with an outer surface of said
duct.

26. A nozzle according to claim 16 wherein said exhaust
duct comprises a core engine nozzle including a center plug
converging ait therein and terminating aft of said chevron
apexes.
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